To detect interactions between proteins of vaccinia virus, we carried out a comprehensive two-hybrid analysis to assay every pairwise combination. We constructed an array of yeast transformants that contained each of the 266 predicted viral ORFs as Gal4 activation domain hybrid proteins. The array was individually mated to transformants containing each ORF as a Gal4 -DNAbinding domain hybrid, and diploids expressing the two-hybrid reporter gene were identified. Of the Ϸ70,000 combinations, we found 37 protein-protein interactions, including 28 that were previously unknown. In some cases, e.g., late transcription factors, both proteins were known to have related roles although there was no prior evidence of physical associations. For some other interactions, neither protein had a known role. In the majority of cases, however, one of the interacting proteins was known to be involved in DNA replication, transcription, virion structure, or host evasion, thereby providing a clue to the role of the other uncharacterized protein in a specific process.
To detect interactions between proteins of vaccinia virus, we carried out a comprehensive two-hybrid analysis to assay every pairwise combination. We constructed an array of yeast transformants that contained each of the 266 predicted viral ORFs as Gal4 activation domain hybrid proteins. The array was individually mated to transformants containing each ORF as a Gal4 -DNAbinding domain hybrid, and diploids expressing the two-hybrid reporter gene were identified. Of the Ϸ70,000 combinations, we found 37 protein-protein interactions, including 28 that were previously unknown. In some cases, e.g., late transcription factors, both proteins were known to have related roles although there was no prior evidence of physical associations. For some other interactions, neither protein had a known role. In the majority of cases, however, one of the interacting proteins was known to be involved in DNA replication, transcription, virion structure, or host evasion, thereby providing a clue to the role of the other uncharacterized protein in a specific process. P oxviruses are large, complex, double-stranded DNA viruses that replicate in the cytoplasm of infected cells (1) . Vaccinia virus, the best-characterized member of this large family, was extensively used as the smallpox vaccine, has gained popularity as a mammalian expression vector, and is being tested as a recombinant vaccine against cancer and infectious diseases (2) . Vaccinia virus has a genome of approximately 190 kbp and can potentially express more than 200 proteins, allowing an exceptional degree of independence from the host (3). Virus-encoded proteins involved in transcription include a multicomponent DNA-dependent RNA polymerase, an assortment of transcription factors, and enzymes that cap, methylate, and polyadenylylate mRNA (4) . Of the eight virus-encoded proteins that have been implicated in DNA replication, four are directly involved in DNA polymerization, and others (such as a type I DNA topoisomerase, a single-stranded DNA-binding protein, a DNA ligase, and a DNA-RNA helicase) have other roles (5) . Additional viral proteins are needed to maintain adequate levels of deoxyribonucleotides for DNA replication, including a thymidine kinase, a thymidylate kinase, a deoxyribonucleotide reductase, and a deoxyuridine triphosphatase. At least 30 proteins form the core and membrane components of virus particles (6, 7) . Other viral proteins interact with host components to facilitate virus dissemination, prevent apoptosis, and attenuate immune responses (8, 9) . The study of vaccinia virus thus provides important information that will help us to understand the nature of more pathogenic members of the family, such as the agents of smallpox, monkeypox, and molluscum contagiosum (10), as well as insights into many areas of molecular and cellular biology and immunology.
Although 10 years have passed since the genome of vaccinia virus was sequenced (3), the roles of about half of the genes remain entirely unknown. A similar situation exists for other large DNA viruses, including members of the herpesvirus family. To increase our understanding of the poxvirus life cycle and to evaluate an approach that would be generally applicable to other large viruses, we initiated a genome-wide yeast two-hybrid analysis to identify vaccinia virus protein-protein interactions. Each of the Ϸ70,000 potential pairwise combinations of proteins was assayed, identifying putative interactions among both characterized viral proteins and those of unknown function.
Materials and Methods
Construction of pOBD2-20. A new DNA-binding domain vector was generated containing Gal4 residues 1 to 147 and a small portion of the activation domain plasmid pOAD (11) that encodes Gal4 residues 866 to 881 along with a shared multicloning site (Fig.  1A) . PCR was used to amplify the Gal4 DNA-binding domain from the plasmid pCPL2 (12) by using primer P1 5Ј-(GTTCTCGTTCCCTTTCTTCCTTGT)-3Ј located in the ADH1 promoter region and primer P2 5Ј-CGATCTCTTTTT-TTGGGTTTGGTGGGGTATCTTCATCATCGAATAGAT-AGT T(CGATACAGTCA ACTGTCT T TGACC)-3Ј corresponding to residues 866-881 of the Gal4 activation domain. The primer sequences shown in parentheses are complementary to those present in pCPL2, and the underlined bases are an added sequence. The additional sequence is complementary to sequences in pOAD. In a separate PCR, a portion of the multicloning site and ADH1 terminator sequence was amplified from pOAD by using primer P3 5Ј-AACTATCTATTCGATGA-TGA AGATACCCCACCA A ACCCA A A A A A AGAGAT-CGAATTCCAGCTGACCACCATGGCAA-3Ј and primer P4 5Ј-AAATTTCTGGCAAGGTAGACAAGC-3Ј. These two regions were joined in a subsequent PCR amplification using primers P1 and P4 and a mixture of the two initial PCR products as a template. This second product was digested with HindIII and ligated into HindIII-cut and calf intestinal phosphatase-treated pCPL2. The resultant vector, pOBD2-20, was confirmed by sequence analysis. The inserted portion contains a region common to both pOAD and pOBD2-20 (Fig. 1B) , and thus a set of PCR products with appropriate 5Ј and 3Ј sequences can be cloned by homologous recombination into both vectors. Using the GCG PRIME program, we selected the most promising primer pairs on the basis of limited folding parameters and with optimal annealing temperatures of Ϸ55°C. Twenty ORFs whose primer sets did not meet these criteria were further analyzed by using OLIGO 4.0 primer analysis software (National Biosciences, Plymouth, MN), and an adjustment of the relative position of the start or stop codon within the primer set was made to make suitable primers. To allow for manipulation of the vaccinia primer set en masse, we added a common sequence (5Ј-CGAATTCCAGCTGAC-CACC-3Ј) at the 5Ј of each of the forward primers, and a common sequence (5Ј-CGGATCCCCGGGAATTGC-3Ј) at the 5Ј of each of the reverse primers. Primers were synthesized by Research Genetics (Huntsville, AL).
Preparation of Viral DNA. Vaccinia virus was purified by sucrose gradient sedimentation, and DNA was extracted as described (13) .
Amplification of ORFs. Each vaccinia virus ORF was amplified from viral genomic DNA in HotStart50 tubes (Life Technologies) essentially as described by the manufacturer. Briefly, a 50-l reaction mix was prepared containing 0.3 M each of a forward and reverse primer pair, 250 M each deoxynucleotide, 0.2 ng of vaccinia DNA, 2.6 units of Expand High Fidelity (Boehringer Mannheim), and 1ϫ Expand buffer. The primary PCRs were carried out for 20 cycles, and 0.2 l of each resultant product was then reamplified for 15 cycles with primers P5 5Ј-AGATACCCCACCAAACCCAAA-AAAAGAGAT(CGAATTCCAGCTGACCACCATG)-3Ј and P6 5Ј-GGGTTTTTCAGTATCTACGATTCATAGATCTC-TGCAGGTCGA(CGGATCCCCGGGAATTGC)-3Ј (Fig. 1B) .
The products were analyzed by electrophoresis on a 0.8% agarose gel and ethidium bromide staining. The size of each ORF was estimated by comparison with DNA standards. Two ORFs that failed to amplify were successfully amplified on another attempt.
Generation of the Activation Domain Array. The reamplified PCR products were cotransformed with linearized pOAD into PJ69-4A, and with linearized pOBD2-20 into PJ69-4␣, as described (11, 14) . Transformants were grown overnight in yeast extract͞ peptone͞dextrose (YEPD) medium (15) and stored in 15% glycerol at Ϫ70°C. Transformants were recovered by regrowth in YEPD for 6 h, followed by selection on 35-mm synthetic plates (15) lacking either leucine (pOAD transformants) or tryptophan (pOBD2-20 transformants).
Each activation domain transformation was represented by four individual clonal isolates in the array. Additionally, four isolates of transformants carrying activation domain hybrids of either the yeast Mec3 or Rad17 proteins, or human lamin, as well as four transformants of the vector pOAD, were used as control positions in the array. Colonies were transferred to 2 ml of YEPD for overnight growth in 96-deep-well dishes (USA͞ Scientific, Ocala, FL). Cultures in PJ69-4A were then transferred to a 384-well dish and stamped onto three Omnitrays (Nalgene Nunc) containing synthetic medium lacking leucine. The transfers were done with a Biomek 2000 Laboratory Automation Workstation (Beckman Coulter) equipped with a high density replicating tool. Thus, the vaccinia virus array consisted of 1,076 colonies on three Omnitrays. One ORF, K7R (a protein of unknown function), appeared to be toxic, as yeast containing this gene were not able to grow on selective medium. Two-Hybrid Screens. For each ORF, two pOBD2-20 transformants in PJ69-4␣ were selected on synthetic plates lacking tryptophan and grown for 48 h in 2.5 ml of YEPD medium. The two cultures were pooled and mated on YEPD plates to the PJ69-4A activation domain array by using a 384-pin high density replicating tool. After 3 days of growth at 30°C, diploids containing both an activation domain and a DNA-binding domain plasmid were selected by transfer to synthetic medium lacking leucine and tryptophan and incubated 3 days more. Two-hybrid selection was performed by replicating the diploid array onto medium lacking leucine, tryptophan, and histidine and supplemented with 3 mM 3-amino-1,2,4-triazole. Growth was scored after 1 and 2 weeks of incubation at 30°C.
Results and Discussion
Construction of an Array of Vaccinia Virus Proteins. Our strategy was to test each pairwise combination of vaccinia virus ORFs in the yeast two-hybrid assay by the use of a protein array (16) . The array consisted of a set of yeast transformants, each expressing one vaccinia virus ORF as a hybrid protein with the Gal4 activation domain. This array was mated to yeast transformants of the opposite mating type carrying one of the vaccinia virus ORFs as a hybrid protein with the Gal4 DNA-binding domain, and the diploids were placed onto medium selective for the two-hybrid reporter gene. In this fashion, a single protein could be tested for interaction with every vaccinia virus protein in the array. By generating the complete sets of activation and DNAbinding domain hybrids with vaccinia proteins, we could carry out the mating and selection experiment Ϸ260 times to assay all of the Ϸ70,000 combinations.
Using locally written Unix-based scripts for automation of the GCG package [Wisconsin Package Version 10.0, Genetics Computer Group (GCG)], we analyzed the coding sequence of vaccinia virus (WR) for ORFs that were 65 codons or longer. Although fewer than 200 were considered most likely to be expressed, we used a larger set of 266 for the sake of completeness. Each ORF was compared with the set of ORFs for vaccinia virus (Copenhagen strain) (3) . ORFs that did not align with existing Copenhagen ORFs were designated simply by their position on the vaccinia virus WR genome, for example F-181498-181845. We then selected an optimal PCR primer pair for each ORF based on the following criteria. The forward primer contained the predicted initiator ATG and 15-29 additional nucleotides of coding sequence, to yield an annealing temperature of 55°C. Each forward primer also contained 19 common nucleotides at its 5Ј end to allow reamplification (see Materials and Methods). The reverse primer for each ORF contained the reverse complement of both the predicted termination codon and the preceding 15-29 nucleotides at the end of the reading frame, to have a compatible annealing temperature. Each of these reverse primers also contained 18 common nucleotides. Additionally, primers were selected to minimize sequences that would allow the generation of primer dimers.
Each ORF was amplified individually by PCR through the use of the specific primer pairs. These initial PCR products were then individually reamplified with a common 52-base forward primer and a common 60-base reverse primer. This second round of PCR converted the vaccinia virus ORFs into DNA fragments with common flanking sequences that allow efficient homologous recombination into linearized yeast vectors (17) . Cotransformation of these fragments with the vector pOAD (12) into yeast strain PJ69-4A (14) generated a set of 266 activation domain hybrid proteins. The same set of fragments was transformed with the vector pOBD2-20 into yeast strain PJ69-4␣ (14) to generate a set of DNA-binding domain hybrids. Analysis of recovered plasmids by restriction enzyme analysis indicated that successful insertion of the ORF fragment had occurred in greater than 94% of the transformations, for a representative selection of 96 different ORFs (data not shown).
Identification of Vaccinia Virus Protein-Protein Interactions. Twohybrid screens generate significant numbers of false positives, which are not reproducible in a duplicate screen. This random generation of histidine-positive colonies can result from rearrangements and deletions of the DNA-binding domain plasmid, recombinational events between the DNA-binding and activation domain plasmids, and genomic rearrangements of the host strain. To enable the rapid detection of reproducible two-hybrid interactions, we constructed the vaccinia virus array with four separate yeast transformants, corresponding to each activation domain hybrid protein. Thus, the array consisted of 1,064 colonies of these transformants, plus controls, which required three microtiter-sized plates of 384-colony capacity. The array of activation domain transformants was screened against each viral DNA-binding domain transformant. Growth on plates lacking histidine, selective for expression of the GAL1-HIS3 reporter gene, was observed either as a cluster of sister colonies, or as dispersed single colonies that represent false positives. In 20 cases, only 2 of the 4 array positions of a single ORF scored as positive, and in 19 of these 20 the 2 positions were not reproducible in a repetition of the screen. Statistical analysis of the data, based on an average 3.25 random positives per plate and a total of Ϸ62,000 pairwise assays, predicts 29 events in which 2 of the 4 potential array positions of an ORF would score positive by chance alone, not statistically different from the number observed (Z score ϭ Ϫ1.75). As a consequence of this background of nonreproducible positives, only protein combinations that resulted in histidine prototrophy for three or four independent colonies were scored as protein interactions (we would predict 0.17 event in which three of the four positions would occur by chance alone), along with the single pair of A21L with A6L, which was reproducibly positive in two of the four colonies.
Twenty-five proteins (A21L, A26L, A35R, A40R, A41L, A42R, A4L, B ORF A, B3R, B4R, C19L, C7L, C9L, D13L, D3R, E ORF C, E11L, F-181498-181845, F14L, F1L, G2R, K5L, O2L, K7R, YHR1VACCV) were found to be strong activators when fused to the Gal4 DNA-binding domain, and thus were refractory to analysis by the two-hybrid assay. However, they could be tested unidirectionally as fusions with the Gal4-activation domain. Some of these strong activators may be unrecognized viral transcription factors. Furthermore, any protein that resulted in histidine-positive growth with any of the four controls (the yeast proteins Mec3 and Rad17, human lamin, and the empty vector pOAD) was classified as a false positive and removed from the set of positive interactions.
The testing of 266 vaccinia DNA-binding domain constructs resulted in the scoring of 37 potential interactions ( Table 1) . The interactions can be grouped based on the participating proteins into five broad categories: DNA replication, transcription, virion structure͞morphogenesis, virus-host interactions, and function unknown. Whereas the set of interactions includes a number of previously known combinations as well as homodimers (or higher order multimers), as with any two-hybrid data, the putative new interactions need to be confirmed by other biological or biochemical experiments. Nevertheless, it should be realized that the likelihood of a nonsignificant protein interaction occurring by chance is much lower when screening 1 viral gene against 200 other viral genes compared with the more common screening of a eukaryotic library of about 100,000 genes.
DNA Replication. Nine interactions involved proteins implicated in DNA replication. Three of these were interactions among subunits of the ribonucleotide reductase protomer, a complex composed of two virus-encoded homodimers (18, 19) . We observed self-association of F4L (small subunit) and of I4L (large subunit), as well as an interaction between F4L and I4L, which was positive in the reciprocal orientations of the twohybrid vectors. Additionally, we observed self-association of F2L (deoxyuridine triphosphatase), which was previously shown to be a trimer (20) ; J2R (thymidine kinase), which is a known homotetramer (21); and I3L (a single-stranded DNA-binding protein) ( Fig. 2A) , which is thought to be monomeric based on gel filtration and electron microscopy (22, 23) .
The newly identified heterodimeric interactions within this set all involved A20R, a protein that is conserved among poxviruses. Unpublished data cited by Traktman (5) suggest that the protein acts as a processivity factor for DNA synthesis in vitro. A20R bound to D4R, a uracil DNA glycosylase (24) , D5R, a DNAdependent ATPase (25) , and H5R, a viral late transcription factor (Fig. 2B) (26, 27) . Interestingly, H5R had been shown to associate with A18R, a negative RNA elongation factor (26) . The association of A20R with D4R and D5R proteins is consistent with data showing that lethal mutations of either of these two genes blocked viral DNA replication (28, 29) and support the possibility of a multicomponent DNA replication complex. Such protein-protein interactions could account for the surprising finding that the vaccinia virus DNA glycosylase, a repair enzyme, is essential for DNA synthesis.
Transcription. Nine interactions involved proteins that have been implicated in transcription. Several of these associations were previously observed or predicted whereas others are novel. As also reported by yeast two-hybrid analysis (26), we found that the late transcription elongation factor G2R bound to H5R, a late transcription factor. Of special note, we found that H5R also interacted with B1R, a protein kinase (Fig. 2C) (30, 31) . This interaction supports previous data suggesting that H5R is phosphorylated by B1R (32) . Furthermore, A49R, a protein for which no function has been determined, interacted with H5R. This interaction suggests a potential role for A49R in late transcription. However, in view of our finding that H5R interacts with A20R, a putative DNA synthesis processivity factor, it is inter-esting that the A49R ORF is interposed between the genes for thymidylate kinase and DNA ligase.
As anticipated, the subunits A23R and A8R of the heterodimeric intermediate transcription factor VITF-3 (33) were found to interact in the yeast two-hybrid system. Unexpectedly, however, a small ORF of 306 bp called A ORF D (3) also bound to A23R (Fig. 2D) . Interestingly, A ORF D is situated on the opposite strand of the A7L ORF, which encodes a subunit of the early transcription factor VETF and would therefore not be expected to be expressed. The interaction of A1L and G8R, two of the three late transcription factors (34) , is reasonable although a physical association had not been demonstrated in any previous studies. G8R was also found to self-associate. We also observed the binding of D7R, an RNA polymerase subunit (35, 36) , to A32L, a protein that has been associated with virion morphogenesis and DNA packaging (37) (Fig. 2E) . Unexpectedly, we identified an interaction of L4R with F8L, observed in the reciprocal orientations of the two-hybrid vectors. L4R is a major core component of virus particles (7) that binds single-stranded DNA as well as RNA and stimulates the DNA helicase activity of I8R (38, 39) . When expression of L4R was repressed, noninfectious virus particles defective in transcription were produced (40, 41) . It was suggested that L4R may be involved in unwinding the DNA template for transcription. F8L has a limited region of homology with the proline repeat region of iActA, a Listeria ivannovii protein involved in actin tail formation, although no effect on actin tail formation was observed in F8L deletion strains (42) . A functional relationship between L4R and F8L remains to be determined.
Virion Structural͞Morphogenesis Proteins.
Vaccinia virus particles comprise membrane and non-membrane proteins. Many of the latter are contained within a complex core structure and include enzymes and factors involved in mRNA synthesis. The roles of abundant proteins are assumed to be structural although they may have additional roles. The precursors of some major core proteins are proteolytically processed during the assembly of vaccinia virus particles (43) . One of these, P4A, encoded by the A10L ORF (44, 45) , can interact with itself in the two-hybrid system. The A12L protein is a virion component that also undergoes proteolytic processing as determined by N-terminal sequencing analysis (7) . It was found to interact with A19L (Fig.  2F) , a protein of unknown function. The putative DNApackaging protein A32L required for virion morphogenesis (37) was found to associate with A11R, a protein of unknown function, in addition to the RNA polymerase subunit D7R. A4L, a virion protein that localizes between the core and membrane (46) , associated with A45R, a superoxidase dismutase homolog with no catalytic potential (47, 48) . In addition, A45R was found to self-associate, fulfilling a prediction of J. Tainer (personal communication) based on the fitting of its amino acid sequences with the known dimeric structure of superoxide dismutase (49) . J1R, another virion protein (50) , also interacted in the yeast two-hybrid system with the superoxide dismutase homolog. Because J1R exhibited self-interaction, homodimers of J1R may interact with homodimers of A45R. Although the superoxide dismutase homolog has not been localized, based on its associations, we predict that it will be a virion protein.
The approach used here, of expressing entire ORFs including the hydrophobic segments, probably contributed to the difficulty in detecting interactions of membrane proteins with this nuclear activation system. Only one bona fide membrane protein, the product of the A14L ORF, was identified. This protein, which is required for formation of virus envelopes (51), interacted with the uncharacterized A40R protein, which is a natural killer receptor homolog and contains a putative lectin domain (50) .
Virus-Host Interactions. Poxviruses encode a large number of proteins that are used to counter host defense mechanisms. Many of these viral proteins interact with cell proteins, perhaps accounting in part for the small number of interactions with other viral proteins found in this study. We detected the selfassociation of E3L, a double-stranded RNA-binding protein involved in IFN resistance (52) . This interaction had been previously described, as well as that between E3L and the substrate binding domain of the host IFN-induced doublestranded RNA-activated protein kinase (53, 54) . An interaction between the K1L protein, required for replication in rabbit kidney and human cell lines (55) , with the uncharacterized C10L protein was recently found by using another version of the yeast two-hybrid system (A. Grunhaus and B.M., unpublished data) and was confirmed in the present screening. The biological relationship between the K1L and C1OL proteins remains to be determined. The A39R protein is a member of the semaphorin family and was used to isolate a semaphorin receptor from a human B cell line (56) . A soluble form of A39R up-regulated intercellular adhesion molecule-1 and induced cytokine production from human monocytes (56) . We identified an interaction between the A39R protein and E7R, a myristylated protein of unknown function (57) with no discernible homology to the semaphorin receptor. The profilin homolog A42R binds with high affinity to polyphosphoinositides, suggesting that it has a role in regulating the metabolism of these signaling molecules in vivo (47, 58) . We found that A42R interacted with A26L, a protein related to the cowpox A type inclusion protein involved in sequestering intracellular virions (59, 60) .
Conclusions
We have reported all interactions of full-length vaccinia virus proteins with each other that could be detected by this version of the yeast two-hybrid assay. For many reasons, the 37 interactions found represent only a fraction of those occurring during a viral infection. Modifications of this approach, e.g., by removing hydrophobic domains or by using other interaction systems that do not rely on nuclear transport, would increase this number. As nine of the interactions found had been previously observed, it seems likely that many of the others are also biologically relevant. Although it will be essential to confirm and extend our findings by other means, we believe that these data provide a launching point for the analysis of a large number of poxvirus proteins for which no function is yet known.
